Transmission electron microscopy (TEM), X-ray diffractometry (XRD), in situ diffuse reflectance ultra violet -visible (UV-vis) spectroscopy, and temperature-programmed reduction by hydrogen (H 2 -TPR) were used to identify the vanadia forms in vanadiumcontaining SBA-15 preparations (VO x /SBA-15). Wacker type supported Pd/VO x /SBA-15 catalysts were obtained by introducing Pd into VO x /SBA-15 samples using conventional impregnation method. The activity of the catalysts was tested in the gas phase partial oxidation of ethylene by O 2 in the presence of H 2 O (Wacker oxidation). VO x /SBA-15 sample was obtained by micelle-templated synthesis using vanadium-containing synthesis gel. The vanadium became incorporated in the silica structure from the gel in near to atomic dispersion. This catalyst was quite active in ethylene oxidation to CO 2 but had low Wacker activity. Isolated, polymeric and bulk vanadia species were identified in the VO x /SBA-15 prepared by wet impregnation/calcination method. The specific surface area of the sample was found to be smaller than that of the neat SBA-15 support because some pores were blocked by vanadia agglomerates. The corresponding Pd/VO x /SBA-15 catalyst showed high selectivity for acetaldehyde formation but the activity was relatively low due to low accessible 
Introduction
In the late 1950s Smidt et al. [1] discovered that the aqueous solution containing HCl, PdCl 2 and CuCl 2 can effectively convert ethylene to acetaldehyde by O 2 . Shortly after its discovery the method was patented and used for production at industrial scale by the Wacker and Hoechst companies. The oxidation occurs in a catalytic process, wherein the Pd 2+ and Cu 2+ ions, getting transitionally in reduced state, provide a route to electrons of ethylene to pass over to dioxygen. In other words the role of Pd 2+ ions is to oxidize the olefin molecules, whereas the role of Cu 2+ ions is to re-oxidize of Pd 0 to Pd 2+ . The oxidation of Cu + ions, formed in the step of Pd 0 oxidation, to Cu 2+ ions by dioxygen closes the catalytic cycle. The result of the processes is that electron pair is transferred from the ethylene to the dioxygen.
The oxidation of Pd 0 by Cu 2+ proceeds only at high of HCl and CuCl 2 concentrations. Under such reaction conditions chlorinated by-products are formed from ethylene, the handling of which is troublesome. The corrosive reaction medium, appearance of noxious copper waste, formed in the process, precipitation and aggregation of Pd, and the inevitable loss of Pd requires attention and cause extra expenses [2] [3] [4] . It was discovered that by selecting proper solvent and ligands even internal olefins can be converted to carbonyl compounds in copperfree medium. In absence of copper O 2 must directly re-oxidize Pd 0 . The olefin oxidation in Pd-containing copper-free medium is usually referred to as direct O 2 -coupled Wacker type oxidation [5, 6] .
In attempt to circumvent the disadvantages of the homogeneous liquid phase catalytic systems the active complex was transferred from solution to solid surface [7] . The immobilization of the active complex was assumed to result in a catalyst, showing the advantages of both the homogeneous and heterogeneous catalytic systems. Several attempts have been made to heterogenize the homogeneous Wacker catalyst system. In early attempts different oxides [8] [9] [10] , zeolites [11] and activated carbon [12] were used as solid support. It was recognized that besides copper, also vanadia can successfully act as co-catalyst of the crucial Pd 0 to Pd 2+ oxidation step [8, 9, 13] .
The discovery of mesoporous micelle-templated silica (MTS) materials, such as MCM-41, MCM-48, and SBA-15 materials, opened a new field in heterogeneous catalysis research. These materials possess hexagonally arranged, channel-like, parallel mesopores of about uniform diameter, large specific surface area, and high silanol group concentration.
Catalytically active species can be stabilized in high dispersion within the regular pore structure, providing very similar chemical environment for the active sites that is beneficial regarding the catalytic selectivity. Thanks to its thick pore walls the SBA-15 material is known to have excellent thermal, hydrothermal stability and outstanding acid resistance.
Considering above benefits the SBA-15 material has been used widely as catalyst support.
Unrestricted diffusion of reactants and products for MTS materials was observed even after the incorporation of large catalytically active species in the mesopore system [14] . Thorough investigations were addressed to describe relationship between the nature of surface vanadia forms and the activity/selectivity in oxidation reactions. The conventional impregnation method results in samples containing mainly crystalline V 2 O 5 . Such preparations showed low catalytic activity because the bulk of the large vanadia particles was not accessible for the reactants [19] .It was shown that better performing catalysts can be obtained by using more sophisticated synthesis methods.
MTS
Bulanek et al. [20] compared VO x -containing hexagonal mesoporous silica (HMS) catalysts prepared by wet impregnation and direct synthesis. In the oxidative dehydrogenation of propane the synthesized catalyst was three times more active than the impregnated one. It was also shown that VO x /SBA-15 catalysts prepared by grafting/ion-exchange method were better oxidation catalysts than the conventional VO x /silica samples with the same vanadia loadings [21] . Van der Voort [22] grafted pure silica MCM-48 support with vanadyl acetylacetonate using gas-phase chemical vapor deposition. The final material contained 8.7wt% V, had narrow pore size distribution and a surface area of 800 m 2 /g. The catalyst prepared by molecular designed dispersion, i.e., selective reaction of surface hydroxyls of MCM-41 with vanadyl acetylacetonate was active and stable for propane oxidative dehydrogenation even is absence of gas-phase oxygen [23] . Ying et al. [24] incorporated vanadia directly into SBA-15 silica framework applying acidic and peroxidic medium. They found that the synthesized materials had larger surface area, higher dispersion, easy-to-reduce relative to the corresponding catalysts prepared by impregnation. The ordered mesoporous silica catalysts containing incorporated vanadia were active also in the vapor phase oxidation of diphenylmethane to benzophenone [25] and in the catalytic decomposition of dichloromethane to CO 2 [26] .
The catalytic activity of the vanadium catalysts largely depends on the dispersion and structure of the supported vanadium-containing species. Depending on the isolation degree of vanadium atoms, surface vanadia sites can take up basically three different structures, such as, (i) isolated monomeric VO 4 species containing vanadium atom in tetrahedral coordination,( ii)
one-or two-dimensional oligomeric species, having characteristic of V-O-V bridges, (iii) three-dimensional bulk, amorphous or crystalline vanadium oxide clusters [27] . The detailed structure-reactivity studies of Wachs et al [28] . about the active oxidation sites of supported vanadia catalysts showed that the oxygen in terminal V = O bonds and the bridging oxygen in VOV bonds does not have significance in hydrocarbon oxidation reactions , but the oxygen atoms linking both to vanadium and support atoms establishing VOsupport bonds are active in the reaction.
By selecting the method a for vanadia introduction we can tune, which of the above species should have dominating presence on the surface of the SBA-15 support. In the present study we show that the most active Pd/VO x /SBA-15 Wacker oxidation catalyst contains oligomeric VO x species that is highly dispersed in mesopores and establishes intimate contact with Pd atoms.
Experimental section

Preparation of catalysts
The parent SBA-15 silica material was synthesized according to the well-known procedure of Stucky and co-workers [29] . The applied synthesis mixture had molar composition PEO 20 In order to get highly dispersed VO x on SBA-15 support the grafting method, described by Sokolov et al. [23] , was applied. Vanadyl acetylacetonate (VO(acac) 2 , Acros
Organics, Belgium, purity 99%) dissolved in dry toluene (Aldrich, anhydrous, purity 99.8%)
was reacted with the silanol groups of previously dehydrated (3h, 180 °C) SBA-15 material.
First, 253.6 mg VO(acac) 2 was dissolved in 100 cm 3 
Characterization
X-ray patterns were recorded by Philips PW 1810/3710 diffractometer applying monochromatized CuKα radiation (40 kV, 35 mA). The patterns were collected between 3° and 65° 2Θ, by 0.02° steps for 0.5 sec at ambient conditions. X-ray patterns in the low angle range were measured by the CREDO instrument described elsewhere [31] .
Nitrogen physisorption measurements were carried out at -195°C using Quantachrome 
Catalytic activity measurements
Catalytic test reactions were carried out at atmospheric pressure in a fixed-bed, continuous flow glass tube ( 8 mm) microreactor. Prior to the reaction the catalysts were activated in oxygen flow (20 ml/min) for 1h at 350°C. In the reaction 500 mg of sample (particle size 0.85-1.70 mm) was tested. The whole reacting mixture was fed into the reactor in gas phase. The molar composition of the feed was 3.3 % ethylene/12 % oxygen/24 % water/He. In some experiments the fed mixture was 1.5 % acetaldehyde or acetic acid/12 % oxygen/24 % water/He. The total flow rate was always 30 ml/min. All gas lines of the apparatus were heated to 120 °C in order to avoid the condensation of water and reaction products. The reaction products were analyzed by on-line Shimadzu GC-2010 gas chromatograph equipped with a 30-m HP-PLOT-U column and both TCD and FID detectors.
The calibration of the GC for each reactant and product was carried out separately. The conversion of ethylene was calculated from the ethylene concentration of the feed and the reactor effluent. The selectivities were calculated from the molar yields of products.
Results and discussion
TEM images demonstrate that the vanadium-containing SBA-15 materials have highly-ordered mesoporous structure (Fig. 1, A-C) , similar to that of the neat SBA-15 material (Fig. 1 D) . On the surface of VO x /SBA-15(i) sample aggregates could be observed (Fig. 1 A ) . Weak X-ray diffraction lines (Fig. 2a) suggest that crystalline V 2 O 5 particles are present in this sample. These results substantiate that vanadia aggregates are located on the outer surface of the silica material. The other two VO x /SBA-15 samples exhibit only a broad diffraction peak at around 2= 23°, which peak comes from the amorphous mesoporous silica framework ( Fig. 2, a-b ). The insert of Fig. 2 sample has smaller pore volume and average pore size indicating that the vanadium is mainly within the mesopores (Fig. 1 , and Table 1 ). The desorption branch shows two distinct steps in the p/p 0 =0.45-0.75 range of relative pressure (Fig. 3b) . Accordingly, the NLDFT calculation reveals bimodal pore size distribution with most frequent pore diameters of 7.27 and 4.95 nm (Table 1 ). It seems probable that the surface reaction of VO(acac) 2 with hydroxyls of SBA-15 proceeds mainly near to the orifice of some mesopores generating ink-bottle type pores with narrowed neck, whereas a large fraction of the mesopores remain virtually intact ( Table 1 ).
The unit cell parameter, a 0 , calculated from the d-spacing, and the mesopore size allows estimating the thickness of the pore walls ( Considering the consecutive reaction pathway of ethylene oxidation the conversion of the primary product of ethylene oxidation was also examined using acetaldehyde as reactant.
The Wacker oxidation of acetaldehyde results in the formation of acetic acid and CO 2 in a molar ratio of about 1 to 2 ( atoms. These atoms were associated with the oxygen required for hydrocarbon oxidation [27] .
As it was previously shown in oxidative dehydrogenation of propane only the highly dispersed surface VO x species are selective while crystalline V 2 O 5 particles induce the total oxidation of substrate [36] . Venkov et. al [37] demonstrated that release of oxygen from SBA-15 supported vanadia species is difficult and requires temperatures above 400°C. The rate constant of vanadium re-oxidation is 10 3 -10 5 times higher than that of the reduction, which is activating the C-H bond [38] . In presence of palladium the reduction temperature of VO x species shifts down to the range required for Wacker oxidation. We found that palladium over bulk V 2 O 5 also exhibits activity in selective alkene oxidation (not shown). However, the activity is low due to small number of active sites (Pd-V linkages) caused by the low vanadia dispersity.
Conclusions
Three After Pd impregnation large number of Pd/VO x pairs formed, resulting in a high acetaldehyde yields at low temperatures. Impregnation of SBA-15 by decavanadate solution generated oligomerized VO x structure, and crystalline V 2 O 5 particles. Consequently, the Wacker activity of latter catalyst was low due to low VO x dispersion and small number of active Pd/VO x sites.
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